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reduction asmclated with breathing I s  calculated In  terrrr 

A t  a fixed metabolic rate tbh  vent i la t ion  i s  found 

which minimizes the entropy production due to the mixing of the w e s  being 

exchanged snd the  diss ipat ion of the energy used I n  breathing. This optllmrm 

vent i la t ion  agrees with the observed vent i la t ion  for metabolic rater lower 

tban two liters of oxygen consumption per minute. - 
1 

I n  the essay, what Is Life?, Schddinger emphasized the Importance of 

the entropy balance that is  required in order t o  maintain a steady s t a t e  Ln 

an organism. The energy content and material content of an organism remain 

constant dur ing  metabolism whereas the entropy content increaees. The organ- 

i8p m u s t  continually drav negative entropy from i t s  environment i n  order t o  

maintain Itself at  a s ta t ionary entropy level.  
2 I n  their conment on the  organization found in life, Prigogine and W i a m e  

In 8om physical make a comparison between biological and physical systems. 

systems under boundary conditions that impose a transport  through the system, 

the steady state of the system is  characterized by the condition that the 

entropy production i s  a minimum. 

evolutionary trends which have led to  a decrease in the entropy production. 

They even suggest that evolution, in analogy with physical processes, is  just  

a tendency toward the  state of minimum entropy production. 

The authors point out mnie examples of 



I 
.t 

Both of these discuesiiiii6 e=pksize the Lmprtance of analyzing 

Siological processes in terms of entropy production and entropy flux. 

In this paper, a model f o r  a par t icular  mechanism, the respiratory system 

I n  man, is analyzed. 

model. 

be maintained fo r  extended periods, the observed value of the vent i la t ion 

i s  the value which makes the entropy production a minirmlm and the  negative 

entropy f lux  t o  the organism a maximum. Minimum entropy production can be 

said t o  be the  design c r i t e r ion  which characterizes this process. 

The vent i la t ion is one of the parameters i n  this 

It IS shown that, over the range of oxygen consumption which can 

An 

unusual aspect of this problem is the fact that the entropy production due 

t o  mixing and diffusion is of t h e  same! order as the entropy production due 

t o  the metabolism associated w i t h  t h e  process, tpd t he  previously proposed 

p r b c i p l e  of minimum metabolism o r  minimal e f f o r t  +re not adequate i n  this 

case. 

The average olrygen concentration i n  the alveoli is a function of the 

rate of air exchange and the r a t e  of oxygen consumption. This average 

concentration can be found by e q u a t a  the amunt  of oxygen entering the 

alveoli t o  the apount leaving the alveoli. 

a - .a, the f ract ion of tbs aiF b-tbed that is olryecn 

A =  tb f r ac t ion  of t h  &u in tb a l ~ e o l i  that i a  o w -  



\i = ths ventilation, the amunt of air breathed in l itere 

per - 
b = breathing rata in breath6 per minute 

Y =  0.13 liters, vollape of the dead space in the paasage8 to 

the alveoli 

C =  aBount of oxygen entering the blood in liters per minute 

Only (V- bu) 
each breath, air is mixed with the gas I n  the alveol i  and the exhaled g a s  

has the average oxygen concentration of  the gas in the alveoli ,  A The 

emount of oxygen l e f t  behind as the air is  inhaled and then exhaled i s  

(# - A )  ( 3 - bv) and t h i s  must equal the amount of oxygen entering 

the blood stream, C . 

liters of air per minute actually reach the alveol i .  A t  

. 

A "  a - c/(V- bv) 

Therefore, A increases with increasing ventilation. 

The carbon dioxide concentration in the alveoli can be found in 

the same way. 

d r@- bv) 



Yhere 

6 = the  f rac t ion  of the gas i n  the alveoli that is c m b n  

dioxide 

p =  the respiratory quotient, the r a t i o  of the amount of 

C02 exhaled t o  the munt of  O2 consumed. 

h t r o p y  I s  convected to  the body by the oxygen entering the blood 

The 

of the 

stream and from the body by the carbon dioxide leaving the  blood. 

entropy s of a gas depends on the pressure p and temperature 

gas 

The entropy flux to  the body 

function of the vent i la t ion because the pressure of the gases being 

I s  equal t o  (CS,,~ - c r s  ) and is  a 
-1 

exchanged is a function of the ventilation. 

change i n  the entropy f lux  t o  the body with a chaage in ventf la t Ian at 

%uation (4) gives the 

a fixed oxygen consumption. 
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= the entropy f lux t o  the body in calor ies  per degree 

minute 

R =  0.09 calor ies  per degree l i t e r  S T P ,  the universal 

gas constant. 

The net  entropy flux t o  the body decreases w i t h  increasing ventilation. 

!The quantity dS/dQ given by equation (4) is also the rate of change 

with vent i la t ion of the entropy production due t o  mixing processes that 

take place in the gas. This can be seen by noticing that the oxygen in 

the  air has a given entropy. 

by the timc it enters  the blood streaa must have been produced I n  the 

Any change in the entropy that it car r ies  

mixing processes that take place i n  the lung. Similarly, the entropy 

lwel which the carbon dioxide finally reaches in air is  fixed. It must 

galn the amount of entropy t h a t  is the difference between this fixed lwel 

and the epount it ca r r i e s  when it leaves t h e  blood stream. 

The other contribution to the chango in entropy production associated 

with a change in vent i la t ion i s  the increase in metabolia that is required 

to proride the work of increasing the ventilation. Tbh owgen c o n e i o n  

rewed f o r  breathing alone has been measured by Campbell, Westlake, and 

3 Cherniack. Thay f ind tbat 0.25 al of oryen  are required per liter of 

vent i la t ion.  This requirapent i t3  bdependemt of the value of the vent i la t ion 

up to a vent i la t ion o r  45 literr per minute aiter vhich the cost of vent i la t ion 

riser rharply. Metabolisr releaaee 5 calor ie8 of energy per m l  of olgrgen 

con- snd t h l e  energy i r r  eventually direiprtsd into bat at a -rat- T. 
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T h  change or entrow production with ventllation 18 therefore 

where 

oxygen consuwd 

T = 3W°K 

the energy released per m l  of 

The entropy produced by this process Increases w i t h  increasing ventilation. 

It is assumed that the term8 given by equations (4) and (5)  are the 

-or contributions to  the change i n  entropy production w i t h  a change in 

ventilation. All other variables such as the  blood flow and the oxygen 

consumed apart from t h a t  used in breathing are held constant w h i l e  the 

vent i la t ion  is varied. 

because it is  assumed that, a t  a given metabolic rate, a given aarount of 

heat must be conducted from the  body and that this heat would be l o s t  by 

other means if  it were not used to  heat the inspired air. 

"he heating of the inspired a i r  is  not considered 

The sum of the right sides of equations (4) and ( 5 )  can now be set equal 

t o  zero ia order t o  f ind the ventilation at  whica the total entropy production 

.In t h i s  process i s  a mininnim. This value will depend on the l e v e l  of oxygen 

consuuption, the respiratory quotient, and the Lrratiilrig rate. Three repre- 

sctr?-tative points are given i n  the fo l lowing  table: 
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1.2 

1.8 

12 

16 

20 

10.5 

30.5 

47.0 

Tbe curve of optlma vent i la t ion or ventilation for ainlmum entropy production 

l e  sknm in figure 1 along with the observed vent i la t ion of four subdects a8 

reported by Bock, Van C a u l a e r t ,  D i l l ,  pdlling, and wurthal. For an oxygen 

consumption below 2 liters per Piwte ,  the calculated and observed values 

of the vent i la t ion can be said t o  agree w i t h i n  the accuracy of tbe data and 

the var ia t ion between Individuals. 

the calculated curve changes character because of the  increase in the owgen 

consumption required by the ventilation. Bowever, an oxygen conswaption 

greater than 2 l i ters  per minute can only be attained i n  short spurts. 

4 

Above 45 liters per minute of ventilation, 

The result can be expressed in two ways. The observed vent i la t ion can 

be said t o  be either that value which makes the entropy production a minimum 

or that value which makes the net supply of negative entropy t o  the body a 

maximum. 

Several authors have described processes 

the metabolic rate. For instance, %Is, Penn 

which operate so as t o  minimize 

and Rahn have modeled another 
5 

psrt of the b r e a t w  procees. 

O2 and C02 pressure in t h e  alveoli, they compare the  work done at various 

breathing frequencies and find t h a t  the observed breathing frequency corresponds 

t o  the frequency for "minimal effort." 

are various kinds of work and, since tbs energy used in this work 18 all 

A t  a fixed alveolar ventilation, i.e., fixed 

Tbe only processes t h a t  are considered 



i r  enot@ to cover thia cam;  wb.lru the -effort criterion 

obeened operating point. For exaxple, the value of the net  free energy 

f lux  t o  the body I s  a muclam at the observed ventfiation. 

of the free energy convected with the O2 and C02 flux I s  only due t o  t b  

variat ion in t he  entropy flux. 

The variation 

The enthalpy change when the o x y e n  is 

burned to w i d e  tbe work f o r  breathing dominates the entropy chenge in 
I '  

this part of the procers. As a result, the n e t  free energy available t o  

tbe body is a max- a t  the point where the entropy production is a mlrdmun. 

The problem bas been described I n  terms of entropy production because this 

is the =re fundamental the-c quantity and because this is tba 

principle  that has been proposed in the literature referred to in the  

Introduction. Other biological processes Pcust be investigated in which 

d i f fe ren t  thenmodynamic processes are involved i n  d i f f e ren t  proportions in 

order to  define the principle precisely and to  describe the limits and 

framework within which a single design cr i te r ion  is applicable. 

Thmdore A. Wilson 
Jet Propulsion Iaborsto;.y 
Pasadena, California 
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